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Cytotoxic T lymphocytes (CTLs) are critical for control of respiratory syncytial virus (RSV) infection in
humans and mice. To investigate cellular immune responses to infection, it is important to identify major
histocompatibility complex (MHC) class I-restricted CTL epitopes. In this study, we identified a new RSV-
specific, H-2Kd-restricted subdominant epitope in the M2 protein, M2127-135 (amino acids 127 to 135). This
finding allowed us to study the frequency of T lymphocytes responding to two H-2Kd-presented epitopes in the
same protein following RSV infection by enzyme-linked immunospot (ELISPOT) and intracellular cytokine
assays for both lymphoid and nonlymphoid tissues. For the subdominant epitope, we identified an optimal
nine-amino-acid peptide, VYNTVISYI, which contained an H-2Kd consensus sequence with Y at position 2 and
I at position 9. In addition, an MHC class I stabilization assay using TAP-2-deficient RMA-S cells transfected
with Kd or Ld indicated that the epitope was presented by Kd. The ratios of T lymphocytes during the peak CTL
response to RSV infection that were specific for M282-90 (dominant) to T lymphocytes specific for M2127-135
(subdominant) were approximately 3:1 in the spleen and 10:1 in the lung. These ratios were observed
consistently in primary or secondary infection by the ELISPOT assay and in secondary infection by MHC/
peptide tetramer staining. The number of antigen-specific T lymphocytes dropped in the 6 weeks after
infection; however, the proportions of T lymphocytes specific for the immunodominant and subdominant
epitopes were maintained to a remarkable degree in a tissue-specific manner. These studies will facilitate
investigation of the regulation of immunodominance of RSV-specific CTL epitopes.

Respiratory syncytial virus (RSV) is the most common cause
of serious viral lower respiratory tract illness in infants and
young children (12, 14, 15, 28). Cytotoxic T lymphocytes
(CTLs) provide an essential component of the immune re-
sponse to most viral infections, and CD8� CTLs contribute to
the resolution of RSV infection (17). CTLs use the T-cell
receptor to recognize small antigenic peptides that are associ-
ated with major histocompatibility complex (MHC) class I
molecules. RSV proteins that have been previously shown to
induce CTL activity in humans include the nucleoprotein, the
fusion (F) protein, the matrix 2 open reading frame 1 (M2-1)
protein, and the short hydrophobic protein (11, 34, 42). RSV
proteins, including the nucleoprotein, F protein, and M2-1,
also have been shown previously to induce CTL activity in mice
(3, 8, 29). To date, four RSV-specific CTL epitopes for
BALB/c mice have been identified, and one epitope for
C57BL/6 mice has been identified (8, 19, 36, 41).

Previous studies defined an RSV CTL epitope for BALB/c
mice in the M2 protein that dominates the T-cell response to
the virus following primary infection and contributes to func-
tional immunity that resolves the infection (21, 22). The im-
munodominant peptide SYIGSINNI, located at amino acid
positions 82 to 90 in the protein, contains the consensus se-
quence for nonameric H-2Kd-restricted T-cell epitopes that

specifies a Tyr residue at position 2 and a Val, Ile, Thr, Ala, or
Leu at position 9. The original screening study concluded that
the M282-90 peptide (amino acids 82 to 90) is the sole deter-
minant of cellular immunity induced in BALB/c mice by the
M2 protein. Interestingly, three additional peptides in the M2
protein possess the consensus sequence for an H-2Kd-re-
stricted T cell epitope, M226-34, M271-79, and M2127-135 (shown
in Table 1). Since CTL activity in response to these three
peptides could not be detected by using the relatively insensi-
tive techniques available at the time of the original study (21),
the investigators concluded that there is a single CTL epitope
for BALB/c mice in the M2 protein. There is considerable
interest in the role and influence of immunodominant CTL re-
sponses on the breadth and magnitude of other CTL responses to
RSV; therefore, we sought to identify additional less-dominant
epitopes for study in this model. Previous efforts to identify ad-
ditional epitopes in RSV focused on proteins other than M2, such
as the G (glycosylated or attachment) or F proteins.

We hypothesized that the M2 protein may contain another
functional CTL epitope for BALB/c mice based on the previ-
ous findings (21, 22). In studies of protection induced by a
vaccinia virus expressing a mutant RSV M2 protein containing
a Y83R point mutation in the anchor residue of the M282-90

epitope, the percent RSV-specific lysis caused by T lympho-
cytes following inoculation was reduced to only 21%, com-
pared to the 66% RSV-specific lysis induced by the unmutated
M2 protein inoculation (21). The residual 21% specific lysis
represents a reasonable level of killing activity and sug-
gested that the M2 protein may contain one or more addi-
tional CTL epitopes. More-sensitive techniques for defining
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CTL epitopes, such as gamma interferon (IFN-�) enzyme-
linked immunospot (ELISPOT) assays, intracellular cytokine
staining (ICS) assays for IFN-�, and algorithm prediction pro-
grams for MHC binding of peptides, are now available. We
sought to use this new set of tools to identify a subdominant
epitope in M2.

There is a hierarchy in the epitope specificity of MHC class
I-restricted responses to microbial pathogens in different ex-
perimental systems (1, 23, 37, 40, 43). The T-lymphocyte re-
sponse to pathogens generally focuses on a small number of
epitopes in murine models of infection. Immunodominant
epitopes generate vigorous responses, and those eliciting smaller
responses are considered subdominant (7). Various factors
contribute to the dominance or subdominance of an epitope,
such as (i) the efficiency of intracellular processing of the
antigenic peptide, (ii) the binding affinity of the peptide for
MHC class I, (iii) dominant CTL suppression of the develop-
ment of subdominant responses via IFN-� (35), and (iv) the
T-cell receptor (TCR) repertoire available to respond to the
MHC/peptide complex (9, 46).

In this study, we identified a novel RSV-specific, H-2Kd-
restricted subdominant epitope in the M2-1 protein, M2127-135,
and we determined the frequency of T lymphocytes responding
to the two epitopes presented by H-2Kd following RSV infec-
tion in lymphoid or nonlymphoid tissues and during primary or
secondary infection. A comparison of the responses to these
two epitopes allowed us to explore the regulation of immu-
nodominance to an acute infection at early or late time points.
We found that, although the absolute number of lymphocytes
specific for each of these epitopes drops significantly in the
weeks following immunization, the proportions of T lympho-
cytes directed to these two epitopes are highly regulated
over time. Interestingly, the regulation of immunodomi-
nance in the site of infection differed from that in the sys-
temic compartment.

MATERIALS AND METHODS

Mice. Respiratory-pathogen-free 6- to 8-week-old female BALB/c (H-2d) mice
were purchased from Harlan Sprague-Dawley Laboratory (Indianapolis, IN). We
adhered to the Guide for the Care and Use of Laboratory Animals of the Com-
mittee on Care and Use of Laboratory Animals of the Institute of Laboratory
Animal Resources, National Research Council, in conducting the research de-
scribed in this paper (27a). All experiments were reviewed and approved by the

Vanderbilt Institutional Animal Care and Use Committee. Animals were main-
tained in microisolator cages throughout the studies. Six- to eight-week-old
pathogen-free female mice were anesthetized with inhaled methoxyflurane
(Metofane; Pitman-Moore, Mundelein, IL) and immunized intranasally once
(primary infection, day 0) or twice (secondary infection, day 0 and day 21) with
106 PFU of RSV in a 100-�l volume.

Synthetic peptides. A panel of 46 synthetic peptides that spans the complete
RSV M2-1 protein of the RSV A2 strain was generated. M2-1 peptides were 15
amino acids in length, overlapping by 11 amino acids (purchased from Synpep
Corporation, Dublin, CA). An H-2Kd-restricted peptide from influenza virus
nucleoprotein (NP147-155) and a cytomegalovirus peptide (pp89) were used as
controls. Additional peptides were synthesized on single substituted 2-chlorotri-
tyl resins (Synpep and Advanced Chemtech) in an Advanced Chemtech Apex
396 DC automated peptide synthesizer using a standard 9-fluorenylmethoxycar-
bonyl and tert-butyl protection scheme. Matrix assisted laser desorption ioniza-
tion mass spectrometry with time of flight detector, electrospray ionization mass
spectrometry, and amino acid analysis were used to confirm peptide identities.
Purified peptides were lyophilized (Labconco Freezezone 4.5) and stored at
�40°C until use. The peptides were synthesized and high-performance liquid
chromatography purified to more than 95% purity.

To identify candidates for the optimal peptide epitope within the reactive 15-
amino-acid peptides, we used three separate computer algorithms, SYFPEITHI
(31), BIMAS (30), and RANKPEP (32, 33).

Cells and virus. HEp-2 cells (ATCC catalog no. CCL-23) were maintained in
Opti-MEM I medium (Invitrogen) supplemented with glutamine, amphotericin
B, gentamicin, and 2% fetal bovine serum (FBS). Wild-type strain A2 of RSV
was grown in HEp-2 cell monolayer cultures, titrated, and stored in aliquots at
�80°C until use as described previously (6).

Preparation of lung-derived lymphocytes and splenocytes. Mice were sacri-
ficed by CO2 inhalation at various time points, as indicated in the figures. The
lung and spleen were removed and placed separately into complete RPMI
supplemented with 10% FBS, L-glutamine, 2-mercaptoethanol, HEPES, and
gentamicin (designated R10 medium). The tissues were minced and ground
through a sterile steel mesh to obtain a single-cell suspension. For splenocytes,
cells were treated with red blood cell lysing buffer (Sigma-Aldrich, St. Louis,
MO). For lung lymphocytes, cells were layered onto Lympholyte-M density
gradient medium (Cedarlane, Ontario, Canada) and lung mononuclear cells
were isolated by centrifugation at 1,000 � g. Cells were counted and resuspended
at the stated cell concentration for the appropriate in vitro assay.

ELISPOT assay. The IFN-� ELISPOT assay was performed as previously
described (2, 26), except for slight modifications. Briefly, 96-well plates
(ELIP10SSP; Millipore, Bedford, MA) were coated with 10 �g/ml of anti-IFN-�
monoclonal antibody (MAb) (clone A18; Mabtech, Stockholm, Sweden) in phos-
phate-buffered saline (PBS) at 4°C overnight. Plates then were washed with
sterile PBS three times and blocked with 10% RPMI for at least 2 h at room
temperature. Peptides were added directly to wells in a volume of 50 �l, and then
freshly isolated splenocytes were added at a concentration of 105 cells/well in 50
�l of R10 medium. The final concentration of the peptides in the screening assay
was 10 �M. The plates were incubated for 18 to 20 h at 37°C in 5% CO2. The
plates were then washed, labeled with 2 �g/ml biotinylated anti-IFN-� monoclo-
nal antibody (clone R4-6A2; Mabtech) in PBS, and incubated at room temper-
ature for 3 h. After additional washes, avidin-peroxidase complex (Vector Lab-
oratories, Burlingame, CA) was added to each well in PBS for 1 h at room
temperature. The plates were washed, and IFN-�-producing cells were detected
after a 4-min color reaction using 100 �l of AEC substrate (20 mg of 3-amino-
9-ethylcarbazol; Sigma-Aldrich) dissolved in 2.5 ml of dimethylformamide, di-
luted 1:20 in 47.5 ml of sodium acetate buffer plus 25 �l 30% H2O2. IFN-�-
producing cells were counted by using an automated ELISPOT reader system
and ImmunoSpot 3 software (Cellular Technology Ltd., Cleveland, OH). Results
were expressed as the numbers of spot-forming cells (SFC) per 106 input cells.

ICS assay. To enumerate the IFN-�-producing cells, intracellular staining was
performed as previously described (27). In brief, freshly isolated splenocytes (2 �
106) were left untreated or stimulated with individual peptides (1 �g/sample) and
costimulatory monoclonal antibodies anti-CD28 and anti-CD49d for 6 h at 37°C
in 5% CO2 in the presence of brefeldin A (10 �g/ml; Sigma). Cell surface
staining was performed, followed by intracellular cytokine staining using the
Cytofix/Cytoperm kit (BD Pharmingen, San Diego, CA) in accordance with the
manufacturer’s protocol. For tetramer analysis, freshly isolated cells (2 � 106) in
R10 medium were incubated with pretitered, optimal amounts of H-2Kd M2
tetramers for 1 h on ice followed by surface staining for CD3, CD4, and CD8.

The following antibodies were obtained from BD Pharmingen: anti-CD3 fluores-
cein isothiocyanate, anti-CD4 phycoerythrin (PE)-Cy7, anti-CD8 Cy7-allophycocya-
nin, and anti-IFN-� PE. Tetramers were obtained from Beckman Coulter. The

TABLE 1. Selected RSV M2 protein-derived peptides used
in this study

Potential epitope
designationa

M2 synthetic
peptide Peptide sequenceb

M226-34 6 CHFSHNYFEWPPHAL
7 HNYFEWPPHALLVRQ

M271-79 17 ELDRTEEYALGVVGV
18 TEEYALGVVGVLESY

M282-90 20 VGVLESYIGSINNIT
21 ESYIGSINNITKQSA

M2127-135 31 NSPKIRVYNTVISYI
32 IRVYNTVISYIESNR

a Four regions in the M2 protein possess the consensus sequence for an
H-2Kd-restricted epitope.

b The predicted 9 amino acid potential H-2Kd-restricted epitope is underlined;
the full 15-amino-acid peptide tested experimentally is shown. The predicted
anchor residues at position 2 (Y) or position 9 (A, V, or I) are in bold.
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peptide epitopes used in these tetramers were SYIGSINNI (M282-90) and VYNTV
ISYI (M2127-135). Flow cytometry was performed using an LSRII cytometer (BD
Immunocytometry Systems). Data analysis was performed using FlowJo software,
version 6.1 (Tree Star, San Carlos, CA).

RMA-S stabilization assay. RMA-S cells expressing Kd were kindly provided
by E. Pamer (Memorial Sloan Kettering Cancer Center, New York, NY), and
RMA-S cells expressing Ld were kindly provided by T. Hansen (Washington
University School of Medicine, St. Louis, MO). The RMA stabilization assay was
performed as described previously (7). RMA-S cells were maintained in com-
plete RPMI 1640 supplemented with 10% FBS, L-glutamine, 2-mercaptoethanol,
HEPES, and gentamicin. RMA-S cells expressing Kd (106) and RMA-S cells
expressing Ld (106) were maintained at 26°C for 18 to 24 h, pulsed with the
indicated amounts of peptide in duplicate for 45 min at 26°C in a 5% CO2

atmosphere, and transferred to 37°C for an additional 3 h. Cells were stained
with biotinylated anti-Kd MAb (clone SF1-1,1; Pharmingen), or biotinylated
anti-Ld MAb (clone 28-14-8; BioLegend, San Diego, CA) followed by PE-con-
jugated streptavidin (Pharmingen, San Jose), washed twice with fluorescence-
activated cell sorter buffer, and analyzed by flow cytometry. The results were
expressed as mean fluorescence intensity (MFI) ratios. The percent MFI
increase was calculated as follows: percent MFI increase � (MFI with the
given peptide � MFI without peptide)/(MFI without peptide) � 100.

RESULTS

Identification by ELISPOT of H-2d-restricted 15-mer pep-
tides capable of inducing IFN-� production. BALB/c mice
were infected by the intranasal route with RSV wild-type strain
A2 on day 0 and again on day 21. Splenocytes were isolated at
day 8 (acute) or at day 48 (memory) after the second infection
and stimulated in vitro in separate wells containing one of 46
overlapping peptides that were synthesized to represent the
entire M2 protein from RSV strain A2. We utilized a panel of
15-mer peptides, overlapping by 11 amino acid, spanning the
M2-1 protein, and numbered the peptides 1 through 46, based
on their position relative to the N terminus of the protein.
Splenocytes stimulated with individual peptides then were sub-
jected to an IFN-� ELISPOT assay. Since peptides 20 and 21
each contained the previously identified immunodominant
CD8� T-lymphocyte epitope (M282-90), we expected high
IFN-� responses in response to these peptides. As expected, a
robust response of 735 SFC per 106 splenocytes to peptide 20
was noted, and 810 SFC per 106 splenocytes responded to
peptide 21, as shown in Fig. 1. These results suggested that
RSV infection induced strong IFN-� responses in the mice and

that the ELISPOT assay was performing in an accurate man-
ner. We found additional possible epitopes using the IFN-�
ELISPOT screening assay, since peptides 31, 32, and 45 in-
duced low levels of reactivity during both the acute and mem-
ory phases of the experiment.

We analyzed the M2-1 predicted amino acid sequence for
H-2d-restricted CTL epitopes by using three different com-
puter algorithms, namely, the RANKPEP, BIMAS, and
SYFPEITHI epitope prediction programs (27–30). All predic-
tion programs assigned top rankings to two nonamers, SYIG
SINNI (amino acids 82 to 90) and VYNTVISYI (amino acids
127 to 135). While both BIMAS and SYFPEITHI predicted
SYIGSINNI as number one and VYNTVISYI as number two,
RANKPEP predicted VYNTVISYI as number one and SYIG
SINNI as number two for the MHC class I allele. Peptides 20
and 21 contained SYIGSINNI and peptides 31 and 32 con-
tained VYNTVISYI. The results from the ELISPOT assay and
algorithm prediction programs suggested that the peptides 31
and 32 likely contain another epitope. Peptide 45 exhibited
some possible reactivity in the ELISPOT assay, although the
algorithm programs did not identify a sequence with the pre-
dicted binding motif.

Confirmation of ELISPOT results by flow cytometry. Since
the ELISPOT assay did not distinguish CD4 from CD8 T
lymphocyte responses, the splenocytes from day 48 postinfec-
tion (p.i.) also were tested by ICS for IFN-� production after
stimulation in vitro with peptide 20, 21, 31, 32, or 45. Influenza
virus protein NP58-66 and the nonreactive RSV M2 peptide 36
were used as negative controls, and phorbol myristate acetate/
ionomycin stimulation was used as a positive control for ICS.
As shown in Fig. 2, the negative control groups stimulated with
no peptide, influenza virus NP58-66, or RSV M2 peptide 36,
showed basal levels (0.10% to 0.13%) of IFN-� production
(Fig. 2A to C), while the positive control group using phorbol
myristate acetate/ionomycin induced robust IFN-� production
to 20.3% (Fig. 2D). In the experimental groups, peptides 20
and 21 containing the dominant M282-90 epitope (SYIGSI
NNI) stimulated IFN-� production at 1.9% to 2.6% of CD8�

T cells (Fig. 2E and F), while peptides 31 and 32 containing the
predicted epitope VYNTVISYI induced 0.25% to 0.29% of

FIG. 1. Frequencies of RSV M2-1-specific IFN-�-secreting mouse splenocytes after RSV immunization. A panel of peptides spanning the RSV
M2 protein was tested for the ability of individual peptides to elicit IFN-� production. At day 8 (acute) (A) or day 48 (memory) (B) after the second
infection, mice were sacrificed and splenocytes were stimulated with 46 peptides individually. Data represent the results of a single experiment,
which was one of three with similar results. A threshold of twice the average background value was used to identify peptides containing putative
epitopes.
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CD8� T cells to produce IFN-� at day 48 p.i. (Fig. 2G and H).
However, IFN-� production was not detected in M2 peptide
45-stimulated animals despite numerous experiments (data
not shown). Consequently, according to the results from the
ELISPOT assay, algorithm prediction, and ICS experiments,
we concluded that M2 peptides 31 and 32 contain a subdomi-
nant CTL epitope, since the immune response to this epitope
was present but inferior in magnitude to that of M282-90.

Characterization of the optimal 9-mer epitope within the
M2 peptides 31 and 32. To further define the optimal epitope
in the M2 peptides 31 and 32, we synthesized eight truncated
or mutated peptides representing this region (designated pep-
tides A through I) and tested these peptides by monitoring the
IFN-� production by ELISPOT assay (Table 2). IFN-� re-
sponses were determined at day 5 or day 12 p.i. in splenocytes.
As shown in Fig. 3, panel A, splenocytes were unstimulated or

FIG. 2. Analysis of peptide-reactive CD8� T lymphocytes 48 days after a second infection. Splenocytes were incubated in the presence or
absence of the peptides (1 �g/sample) in an intracellular cytokine staining assay for IFN-�. The dot plots represent the production of IFN-� from
one of three representative experiments with similar results. Panels A to C show results for negative control stimulations. Flu NP147-155, influenza
virus protein NP147-155. Panel D shows results for a positive control for maximal stimulation. Panels E and F show results for stimulations with
M282-90. Panels G and H show results for stimulations with M2127-135.

TABLE 2. Truncated peptide synthesis strategy to identify the optimal subdominant epitope within the M2121-139 region

Category Peptidea Protein region (mutation) Peptide sequenceb

Control 36 M2141-155 NNKQTIHLLKRLPAD
Subdominant M2 epitope 31 M2121-135 NSPKIRVYNTVISYI

32 M2125-139 IRVYNYVISYIESNR
A M2125-135 IRVYNTVISYI
B M2121-134 IRVYNTVISY
C M2121-133 IRVYNTVIS
D M2121-132 IRVYNTVI
E M2126-135 RVYNTVISYI
F M2127-135 VYNTVISYI
G M2128-135 YNTVISYI
H M2127-135 (Y128R) VRNTVISYI

Dominant M2 epitope 20 M277-91 VGVLESYIGSINNIT
21 M281-95 ESYIGSINNITKQSA
I M282-90 SYIGSINNI

a The original 15-amino-acid peptides used for screening were numbered according to their relative positions from the N terminus (1 through 46). The truncated and
variant peptides were assigned letter designations.

b The regions of peptides containing the optimal predicted nine-amino-acid epitope are underlined. Predicted anchor residues at position 2 or 9 are shown in bold.
A mutated residue at position 2 is shown in italics.
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stimulated with peptide 36, panel B splenocytes were stimu-
lated with the individual truncated peptides (Fig. 3, peptides A
to G), anchor residue-mutated (Y128R) peptide (Fig. 3, pep-
tide H), or peptides 31 and 32, and panel C splenocytes were
stimulated with peptide 20 or 21 or the immunodominant
M282-90 peptide (I) (Table 2 and Fig. 3). Since splenocytes
stimulated with the peptide 36 at day 5 or day 12 produced
from 20 to 40 SFC/106 splenocytes, we considered results of
greater than 80 SFC at day 5 or greater than 100 SFC at day 12
to be positive signals. Group C splenocytes produced high
numbers of IFN-� SFC, which was expected, since this group
received the immunodominant epitope. Peptide F contains the
predicted optimal 9-mer (M2127-135) of the subdominant
epitope that was investigated in group B. As shown in Fig. 3,
splenocytes stimulated with peptide F exhibited the most ro-
bust IFN-� response at day 12 compared to the other truncated
peptides in group B. Peptide H, mutated in the second residue
that serves as an anchor residue (Y128R), elicited reduced
IFN-� responses. The other mutated epitopes exhibited re-

duced reactivity. Taken together, these results identified the
optimal subdominant epitope as a 9-mer peptide, M2127-135.

M2127-135 represents a H-2Kd-restricted subdominant epitope.
To determine whether the M2127-135 peptide was Kd or Ld re-
stricted, we tested the efficiency of M2127-135 peptide binding to
Kd or Ld by using an RMA-S cell line surface MHC stabilization
assay. The RMA cell line does not express functional TAP-2
molecules. Its MHC class I molecules are thermolabile, and
their surface expression level at 37°C is reduced significantly,
due to the lack of high-affinity peptides normally transported
from the cytosol. However, the MHC class I level is restored at
26°C or when high-affinity peptides are provided in a TAP-
independent manner. The binding of such peptides can be
monitored easily by determining the increase in the level of
surface MHC class I. Interestingly, while the immunodominant
M282-90 peptide bound to and stabilized Kd molecules to a high
degree, the previously defined F85-93 Kd-restricted epitope sta-
bilized Kd molecules poorly (Fig. 4B). The stabilization of the
new subdominant epitope, M2127-135, was intermediate be-
tween that of M282-90 and F85-93. M2127-135 and F85-93 lost their
abilities to stabilize at a 10�8 M peptide concentration, but
M282-90 lost stabilization at 10�10 M. In contrast, the three
Kd-restricted epitopes used in this study, M282-90, M2127-135,
and F85-93, did not bind to Ld molecules, as shown in Fig. 4A.
These results clearly indicated that M2127-135 is an H-2Kd-
restricted epitope, exhibiting an intermediate affinity.

Conserved hierarchy of peptide-specific IFN-� responses in
systemic and local tissues. Since T-cell immune responses of-
ten differ in lymphoid (spleen) and nonlymphoid (lung) tissues,
it was of interest to examine the level of RSV-specific T-cell
responses in lymphoid compared to nonlymphoid tissues dur-
ing an acute or memory phase (18, 25, 45). Thus, we measured
the RSV M2-1 peptide-specific T-cell responses in the lungs
and spleens of BALB/c mice after RSV infection. Splenocytes
were isolated at different time points during acute (days 5 to 8),
intermediate (days 13 to 35), or memory (days 42 to 60) phase
following secondary infection. As shown in Fig. 5A, peptide
36-stimulated or unstimulated groups were considered nega-
tive controls. The basal levels of IFN-�-producing T cells were
50 SFC/106 cells in acute phase, 45 SFC/106 cells in interme-

FIG. 3. Identification of the optimal epitope. IFN-� responses were
measured using truncated or mutated peptides. At day 5 (filled
squares) or day 12 (open squares) after the second infection, animals
were sacrificed and splenocytes were stimulated with the peptides
indicated in Table 2. Data represent the results of an average of eight
replicates. Group A, negative control medium or peptide; group B,
truncated or mutated peptides for the subdominant epitope; group C,
immunodominant epitope M282-90.

FIG. 4. Increased cell surface expression levels of H-2Kd MHC class I protein caused by M2127-135. RMA-S cells expressing Ld (A) or Kd

(B) molecules maintained at 26°C for 18 to 24 h were pulsed with increasing concentrations of the indicated peptides for 45 min at 26°C, washed,
and incubated at 37°C for an additional 3 h. The RSV M282-90 SYIGSINNI peptide and RSV F85-93 KYKNAVTEL peptide were used as positive
controls, and murine cytomegalovirus (CMV) pp89 YPHFMPTNL peptide was used as a negative control for Kd binding. For Ld binding, murine
CMV pp89 peptide was used as the positive control and RSV M282-90 and RSV F85-93 were used as negative controls. Data represent the results
from a single experiment, which was one of three with similar results.
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diate phase, and 10 SFC/106 cells in memory phase. For a
negative control, we measured the spots in naı̈ve mice. The
level of IFN-�-producing T cells in naı̈ve mice was �1 SFC/106

cells at day 0. Peptides 31 and 32 containing the subdominant
epitope elicited an IFN-� ELISPOT response between 100
SFC/106 cells (acute) and 70 SFC/106 cells (memory). The ratio
of SFC in negative controls to SFC in subdominant-epitope-
stimulated groups was sustained at approximately 1:2 during
acute, intermediate, and memory phases in the spleen.

Since T-cell immune responses could differ in lymphoid and
nonlymphoid tissues, we compared spot numbers and kinetics
of induction in the spleen and lung tissues. These ELISPOT
ratios were in accordance with ratios determined by the IFN-�
ICS assay (Fig. 2). Lung lymphocytes also were isolated during
acute, intermediate and memory phases. The pattern of IFN-�
production from subdominant epitope-specific T cells in the
lung was very similar to that of the spleen. The ratio of negative
control-stimulated group to subdominant epitope-stimulated
groups in the lung was approximately 1:2 at the three different
phases. Comparing the spot numbers and kinetics of induction
in the two different tissues, we found that the numbers of
IFN-�-producing T cells were very high in the lung at acute
phase compared to those in the spleen, consistent with the
route of infection, which was direct inoculation of the respira-
tory tract (Fig. 5A and B). However, the relationship reversed
during the memory phase, when the numbers of IFN-�-pro-
ducing T cells in the spleen were higher than those of the lung.
The magnitude and kinetics of T-cell contraction differed in
the two tissues, even though the pattern of hierarchy was sim-
ilar in those tissues. In the immunodominant epitope (peptides
20 and 21)-stimulated groups, spot numbers of IFN-�-produc-
ing T cells at acute phase dramatically reduced during the

intermediate and memory phases in the lung, while the con-
traction of these cells in the spleen was much less dramatic.

Conserved hierarchy of epitope during primary and second-
ary RSV infection. Having identified a novel subdominant
epitope during the early and memory phase of secondary in-
fection as shown in Fig. 1 and 2, we sought to understand the
evolution of the IFN-� response to the dominant and subdomi-
nant epitopes following primary infection. BALB/c mice were
infected with RSV wild-type strain A2 intranasally, and then
splenocytes or lung lymphocytes were collected and stimulated
with each of the 46 M2-1 peptides individually. Immune re-
sponses to the 46 overlapping peptides were monitored by
IFN-� ELISPOT analysis at day 10 or day 20 following primary
infection. As shown in Fig. 6, splenocytes stimulated with pep-
tide 20 or 21 (containing M282-90) exhibited robust IFN-� re-
sponses at day 10 (Fig. 6C) or day 20 (Fig. 6D) after primary
infection. This epitope appeared to be immunodominant dur-
ing the early phase of acute infection, even though the num-
bers of IFN-� SFC were low compared to those following
secondary infection (Fig. 5A). Similar results were discovered
in the lung at day 10 (Fig. 6A) and at day 20 (Fig. 6B). Inter-
estingly, peptides 31 and 32 stimulated splenocytes to produce
IFN-�-specific spots at day 10 (11 to 17 SFC/106 cells) and at
day 20 (6 SFC/106 cells). The number of SFC induced by these
peptides was very similar in the lung (Fig. 6A) and in the
spleen (Fig. 6C) after primary infection. The pattern of sub-
dominance for the epitope in peptides 31 and 32 was more
significant in the lung than in the spleen. The data suggest that
the pattern of dominance and subdominance for M282-90 and
M2127-135 was conserved in primary and secondary infection,
but was regulated in a tissue-specific fashion.

FIG. 5. Epitope hierarchy in the lung and spleen after the second RSV infection. Splenocytes (A) or lung lymphocytes (B) obtained at acute,
intermediate, or memory phase after the second infection were restimulated in vitro with peptides and IFN-� production was measured by using
an ELISPOT assay. Data represent the averages from three independent experiments.
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M282-90 and M2127-135 epitope-specific CD8� T-lymphocyte
responses in splenocytes. Epitope-specific CTL responses were
monitored by quantitating MHC/peptide tetramer binding
CD8� T lymphocytes following infection. Mice were infected
by the intranasal route with RSV wild-type strain A2 on day 0
and again on day 21. Splenocytes or lung lymphocytes were
isolated at day 8 after the second infection and the frequencies
of RSV-specific CD8� T lymphocytes were analyzed using Kd

MHC class I tetramers containing the M282-90 peptide or the
M2127-135 peptide. Freshly isolated splenocytes or lung lym-
phocytes were stained for surface CD3 and CD8 and the indi-
cated tetramer. Among CD3�/CD8� gated splenocytes, 1.1%
of cells stained with the H-2Kd/M282-90 tetramer, as shown in
Fig. 7E. In contrast, M2127-135 tetramer-positive cells were
0.3% of CD8� splenocytes (Fig. 7F). Nonspecific binding of
the tetramers using naı̈ve splenocytes in this assay was very low
(Fig. 7A, B, and C). In lung lymphocytes, 62% of cells were
stained with the H-2Kd/M282-90 tetramer (Fig. 8A) and 6.1% of
cells were stained with the H-2Kd/M2127-135 tetramer (Fig. 8C).
The numbers of T lymphocytes stained with the Kd tetramers
containing RSV M2 epitopes correlated highly with the fre-
quencies determined by ELISPOT assay, shown in Fig. 1 and 5.
Interestingly, the ratio of T lymphocytes specific for M282-90 or
M2127-135 was approximately 3:1 in spleen, and 10:1 in lung
lymphocytes. These ratios in both tissues also were consistent
with the results in the ELISPOT assay and revealed a tissue-
specific regulation of immunodominance.

DISCUSSION

CD8� T lymphocytes play an important role in clearance of
virus and recovery from RSV infection in both humans and in
the murine model. A striking feature of the CTL response to a
protein antigen in mice is the limited number of epitopes
recognized by the CTLs in association with an MHC class I
molecule (9). Pathogens elicit diverse T-lymphocyte responses
that have been categorized as dominant or subdominant,
thereby establishing an immunodominance hierarchy. It is im-
portant to identify MHC class I-restricted CTL epitopes in
order to examine cellular immune responses to infection and
understand the mechanisms that regulate dominance hierar-
chies. In this report, we identified a new subdominant Kd-
restricted CTL epitope for BALB/c mice within the RSV M2
protein, M2127-135. Furthermore, we measured the kinetics and
expansion of M2127-135-specific CD8� T lymphocytes in the
spleen or lung following primary or secondary infection by
ELISPOT assay, ICS, and tetramer staining and compared this
response to that of a dominant epitope in the same viral pro-
tein. We also detected reactivity in ELISPOT screening assays
to a region in M2-1 represented by peptide 45. However, this
synthetic peptide did not induce detectable reactivity above
background in ICS assays and does not contain a predicted
H-2Kd binding motif, suggesting it does not contain a bona fide
MHC class I restricted CD8 T-cell epitope.

It is well known that MHC class I molecules are capable of

FIG. 6. Epitope hierarchy in the lung and spleen after RSV primary infection. Lung lymphocytes isolated at day 10 (A) or day 20 (B) or
splenocytes isolated at day 10 (C) or day 20 (D) after primary infection were restimulated with a panel of peptides and IFN-� production was
measured using the ELISPOT assay. The average number of spots is indicated at the peak of each bar for the dominant and subdominant epitopes.
The dominant/subdominant (D:S) ratio is the ratio of the mean number of spots of peptides 20 and 21 to that of peptides 31 and 32.
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binding diverse peptides. These peptides are generally 8 to 10
amino acids in length, and both N and C termini are bound by
hydrogen bonds to the peptide binding cleft in class I mole-
cules. In general, two side-chains, one at the amino terminus
(usually at position 2) and the other at the carboxyl terminus
(usually at position 9), hold the peptide in the allele-specific
pocket. In this study, we used three separate computer algo-
rithms, SYFPEITHI, BIMAS, and RANKPEP to identify pu-
tative epitopes in larger peptides that exhibited biologic activ-
ity. These algorithms predict putative CTL epitopes in protein
sequences by identifying peptides that contain the anchor mo-
tifs optimal for binding to particular MHC molecules. These
algorithms have limitations. Since algorithms are based on the
peptides identified experimentally to date, they are descriptive
of the most common motifs observed in past experiments.
Even though algorithm prediction is not perfect, all three
algorithms predicted the new subdominant epitope cor-
rectly.

Little is known about the molecular determinants of immu-
nodominance or how immunodominant and subdominant
determinants are distinguished by the TCR repertoire. The
underlying mechanisms of dominance and subdominance are
complex, since all aspects of CD8� T lymphocytes biology are
involved in this process, including (i) positive and negative
selection of the TCR repertoire in the thymus and periphery,
(ii) interaction of CD8� T lymphocytes with professional an-
tigen-presenting cells, (iii) T-lymphocyte priming and expan-
sion, (iv) short peptide generation via the proteasome, (v)
TAP-dependent or -independent transport of peptide into the
ER, (vi) peptide binding affinity to MHC class I molecules, and
(vii) antigenic competition. Understanding immunodominance
could be very useful for manipulating and determining the
cellular immune response to respiratory pathogens, including
RSV, especially during the development of candidate vaccines.
In this study, we tested the peptide binding affinities of M282-90

and M2127-135 to Kd and Ld molecules. The BIMAS algorithm

FIG. 7. Direct enumeration of M282-90 or M2127-135 epitope-specific CD8� T lymphocytes. Groups of BALB/c mice were infected twice with
RSV wild-type strain A2. Splenocytes (D, E, and F) were harvested 8 days following the second infection and tested by flow cytometric analysis
after staining with the M282-90 tetramer (B and E) or M2127-135 tetramer (C and F). Splenocytes from naı̈ve mice were used as negative controls
(A, B, and C). Dot plots illustrate results for total CD3� lymphocytes as well as 50,000 CD8� T lymphocytes. Numbers shown in the rectangular
gate correspond to the percentage of CD8� lymphocytes stained by the respective tetramer (tet). Data represent the results of a single experiment,
which was one of five with similar results.

FIG. 8. Direct enumeration of M282-90 or M2127-135 epitope-specific CD8� T lymphocytes. Groups of BALB/c mice were infected twice with
RSV wild-type strain A2. Lung lymphocytes (A, B, and C) were harvested 8 days following the second infection and tested by flow cytometric
analysis after staining with no tetramer (A), M282-90 tetramer (B), or M2127-135 tetramer (C). Dot plots illustrate results for total CD3� lymphocytes
as well as 20,000 CD8� T lymphocytes. Numbers shown in the rectangular gate correspond to the percentages of CD8� lymphocytes stained by
the respective tetramers (tet). Data shown are representative of five experiments.
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predicted the estimated scores for half-time of dissociation
from H-2Kd to be 5,760 for M282-90, 3,456 for F85-93, and 2,400
for M2127-135. However, we found experimentally that the
M2127-135 peptide bound to Kd molecules more efficiently than
the previously described epitope F85-93 in the RMA-S–Kd sta-
bilization assay. These data suggest that the weak functional
responses to M2127-135 were not simply due to insufficient bind-
ing affinity for Kd molecules.

There are several studies that show that the specificities of
CTL responses to antigen can differ between primary and
secondary infections in influenza virus model systems (4, 10,
13). Here, we investigated the reversal of the epitope hierarchy
in primary and secondary RSV infections. Unlike for influenza
virus, a strict maintenance of epitope hierarchy in primary and
secondary infection was observed in our RSV model. The
control of immunodominance hierarchies in responses to viral
epitopes is of interest. For instance, immunodominance has
been investigated in the well-characterized mouse models for
infections with lymphocytic choriomeningitis virus (38, 39) and
influenza virus (5, 13) among viral pathogens and in Listeria
monocytogenes infection (16, 44). Although the immunodomi-
nant RSV CTL epitope M282-90 was discovered over a decade
ago, the number of epitopes available for study of immu-
nodominance in the response to RSV was limited. To date, five
RSV-specific epitopes in BALB/c mice have been identified
and one in C57BL/6 mice has been discovered. Four H-2d CTL
epitopes, M282-90 (21, 22), F85-93 (8), and F92-106 (19) were
identified following RSV strain A2 infection and F249-258 (20)
was identified following RSV Long strain infection. The
M282-90 epitope appears immunodominant compared to the
other identified epitopes in BALB/c mice. One other epitope
identified in BALB/c mice was G183-197, an I-Ed-restricted
CD4� T-lymphocyte epitope (41). We also identified an
H-2Db-restricted CTL epitope in the M protein (36). This
epitope is the only RSV epitope identified to date for C57BL/6
mice. A study similar to our current work was published based
on a recently discovered epitope M187-195 in C57BL/6 (H-2b)
mouse model (24). In this work, the investigators characterized
CD8� T cells during primary and secondary infection in lung
and spleen of C57BL/6 mice and found M epitope-specific
reactivity in both primary and secondary responses.

Since the tissue distribution of T cells may affect immu-
nodominance (18, 24, 44), we investigated the frequencies of
epitope-specific T cells in different tissues. Marshall et al. (25)
measured influenza virus-specific CD8� T cells in different
tissues, such as the spleen, lung, nasal mucosa-associated lym-
phoid tissue, and liver, as well as in blood, by using a tetramer-
staining technique. They found evidence for an altered pattern
of immunodominance of epitopes in different tissues. Wherry
et al. investigated the relationship between epitope specificity
and tissue distribution in the lymphocytic choriomeningitis vi-
rus mouse model (45), and Huleatt et al. tested this concept in
the mouse model of Listeria infection (18). Each of those
three studies used epitopes in two different proteins to in-
vestigate the relationship between epitope hierarchy and
tissue distribution. Differing levels of expression of two pro-
teins in tissues could affect epitope hierarchies. Our new
model avoids this issue by studying two epitopes in the same
protein and thus should serve as an ideal model for further
study of the immune factors affecting epitope hierarchy.

The epitope hierarchy in RSV has been poorly investigated
because of the limited number of epitopes, especially epitopes
within a single protein. In consequence, our discovery of a new
subdominant epitope, M2127-135, in the same protein as the
dominant epitope for the virus in BALB/c mice provides an
optimal tool for studies of epitope hierarchy in RSV infection.
Interestingly, the kinetics and ratios of induction of M282-90-
and M2127-135-specific T lymphocytes was highly regulated in
both the acute (day 8 p.i.) and memory (day 48 p.i.) phases,
and the results from the ELISPOT assay and tetramer staining
correlated highly. The ratios of dominant epitope reactivity to
subdominant epitope reactivity differed in the local and sys-
temic tissues, suggesting tissue-specific regulatory mechanisms.

Further characterization and understanding of the control of
RSV CD8� T-cell epitope immunodominance hierarchies will
facilitate the rational development of new vaccine candidates.
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